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effective for reducing emissions of NO and N20 by A. faecalis than for reducing emissions of NO and N20 by N. europaea. A. faecalis produced much less NO and N20 under denitrifying conditions than under nitrifying conditions, and the NO produced appeared to result primarily from chemical interactions involving N02 at pH 6.95. Once much of the nitrite was consumed, the NO and N20 produced were further reduced to N2. Given the rates of NO and N20 production reported here, our results suggest that heterotrophic nitrification may be a significant source of N20 in aerobic to near-anaerobic soils and water.
Losses of nitrogen trace gases may result in decreasing fertility, especially in those ecosystems which have suffered disturbance (30) . In addition, both nitric oxide (NO) and nitrous oxide (N20) affect the earth's atmosphere. In the troposphere NO controls the concentration of ozone, whereas N20 behaves as a greenhouse gas. In the stratosphere N20 causes destruction of ozone (18, 29) . Efforts to estimate global or regional sources and sinks for NO and N20 require an understanding of the mechanisms of the production of these compounds so that the variables controlling fluxes of these gases can be identified.
NO and N20 are produced by a wide variety of organisms, including autotrophic nitrifiers, heterotrophic nitrifiers (including both bacteria and fungi), heterotrophic denitrifiers, dissimilatory nitrate reducers, nitrate respirers, plants, and algae. It has become clear that there is a good deal of overlap in the capabilities of the various categories of organisms. For example, current evidence suggests that many organisms, such as Pseudomonas spp. and Alcaligenes faecalis, which can denitrify under anaerobic conditions can also nitrify under aerobic conditions (5, 20, 24) . The mechanisms of production of NO and N2O by autotrophic nitrifiers such as Nitrosomonas europaea and heterotrophic denitrifiers such asA. faecalis are probably the same (i.e., reduction of NO2 [denitrification]) (22, 23 aerobic or anaerobic conditions must be to support these processes.
The results of most field studies have suggested that NO and N20 fluxes from intact aerobic soils are primarily due to metabolism by autotrophic nitrifiers such as N. europaea (2, 28) , although in acid forest soils heterotrophic nitrifiers may be responsible for these fluxes (19) . In anaerobic soils NO and N20 are produced by denitrifiers (1, 26) . The net emission of either NO or N20 from soils depends upon the relative importance of production and consumption processes and is, therefore, highly sensitive to physical variables, such as soil texture and water-filled pore space (9, 26) . In most field studies it is not at all apparent whether autotrophic nitrifiers, denitrifiers, or perhaps denitrifiers behaving as heterotrophic nitrifiers are responsible for emissions of NO and N20. Probably all of these organisms play a role in producing N trace gases depending on subtle changes in soil physical and chemical conditions (6) . Heterotrophic nitrifiers have not generally been considered important sources of nitrogen trace gases in terrestrial or aquatic ecosystems, yet these organisms are widespread and may dominate nitrogen-cycling processes in some ecosystems (for example, acid forest soils) (25) (14) .
Batch culture experiments in serum bottles were started by diluting exponentially growing cultures, prepared as described above, eightfold into fresh media (20 ml) in 125-ml serum bottles. The bottles were sparged with filtered air-N2 mixtures for 30 min after the bottles were capped.
Batch culture experiments in flasks without sparging were prepared by diluting filtered and washed, exponentially growing cultures, prepared as described above, into fresh media (100 ml) in 500-ml flasks. When anaerobic conditions were required, the medium was kept in a Coy anaerobic chamber for 2 Solorzano (27) . Nitrite and nitrate were analyzed as described by Parsons et al. (21) . Samples taken for these determinations were filtered (pore size, 0.2 ,um) and stored refrigerated in sterile vials until analyses were performed.
Samples for N20 analysis were taken with disposable plastic syringes equipped with rubber plunger tips and three-way delrin stopcocks. Samples (10 ml) were injected within 30 min into a 1-ml gas sampling loop of a gas chromatograph (model 5890; Hewlett Packard) equipped with an electron capture detector and a packed Poropak Q column (3.5 m by 0.3 cm). The detector temperature was 330°C and the oven temperature was 50°C. Argon containing methane (5%) was supplied as the carrier gas at a flow rate of 30 ml min-'.
Samples for analysis of NO were taken with disposable plastic syringes equipped with rubber-tipped plungers and three-way delrin stopcocks. These samples were analyzed immediately. A nitrogen dioxide detector (model LMA-3; Scintrex/Unisearch, Toronto, Canada) was modified to analyze the NO in syringe samples as shown in Fig. 1 . The internal pump of the model LMA-3 detector was disabled to allow control of the air flow into the instrument with mass flow controllers (model FC-280; Tylan). The airstream (1,097 ml min-1) was directed by a three-way stainless steel valve either through a CrO3 converter which converts NO to NO2 with 100% efficiency provided that the humidity of the airstream is approximately 25% (3) or through a blank tube. The converter tube was made of opaque tubing (7.6 cm by using mass flow controllers (Tylan). Standards were prepared daily and were kept in 1-liter Tedlar bags fitted with both a sampling septum and a gas inlet (Scott Environmental Technology). Volumes of gas standards (1 to 5 ml) were injected through a silicone septum into the airstream. When NO standards were stored in Tedlar bags over a 3-day period, there was approximately a 10% loss of NO in the highest concentration standard used (963 parts per billion, by volume).
The level of precision for replicate NO samples was typically 0.8%. The detection limit was 0.02 ng of N. When standards or samples containing high concentrations of NO (>3 ng of N) were injected into the instrument, we found that the luminol solution purchased from Scintrex/Unisearch became saturated, and the sensitivity of the instrument declined. A solution containing a 10-fold-higher concentration of luminol (10-3 M) in methanol was prepared as described by Burkhardt et al. (4) and was modified as suggested by Don Stedman (27a) for use in analyzing samples containing high concentrations of NO.
RESULTS
Previous studies on the effects Of P02 on production of NO and N20 by autotrophic nitrifiers have produced contradictory results (1, 17, 23) . In order to resolve these differences, we utilized an experimental design in which culture medium was continuously recirculated past an oxygen microelectrode. This approach permitted more accurate determinations Of P02 values in our experiments than were possible in previous studies. When early-stationary-phase cultures of N. europaea were diluted 10-fold into fresh medium and continuously sparged with air-N2 mixtures having various P02 values, they exhibited a P02 optimum of 0.2 to 0.4 kPa for production of both NO and N20 (Fig. 2) . After dilution these cultures contained low concentrations of nitrite (0.2 to 0.5 mM). In contrast, when filtered and washed cells were used to inoculate similar cultures, production of NO and N20 was undetectable, suggesting that the presence of Following a change in the gas mixture, the culture was allowed to equilibrate for at least 30 min. P02 was measured continuously by pumping medium past a Clark type oxygen microelectrode. Syringe samples were taken from the headspace for analysis of NO and N20. Symbols: 0, NO; A, N20.
nitrite was necessary for production of both NO and N20.
To determine the relative influence of P02 and nitrite concentrations on production of NO and N20, filtered and washed, exponentially growing N. europaea cells were added to serum vials containing either 1 or 20 mM nitrite. For each concentration of nitrite, one-half of the vials were sparged with 0.5 kPa of 02, and the other half were sparged with 5 kPa of 02. As shown in Fig. 3 , production of both NO and N20 varied as a function of N02-concentration rather than as a function Of P02. Dead-cell controls produced negligible amounts of both NO and N20. In order to further examine the role of N02-in the production of NO and N20 by N. europaea, we measured production of these gases under anaerobic conditions by using various combinations of natural and artificial electron donors and acceptors. A combination of trimethylhydroquinone (TMHQ) (1 mM) as the electron donor and N02 (1 mM) as the electron acceptor under anaerobic conditions was used to test whether N02 could serve as an electron acceptor and source of NO or N20 N during nitrification. The concentrations of NO and N20 produced when TMHQ was the electron donor were somewhat less than the concentrations produced when we used hydroxylamine (NH2OH) (1 mM), the natural electron donor, during nitrification (Fig. 4) . Cell-free controls produced negligible amounts of NO and N20 in the presence of TMHQ and N02.
In an attempt to determine whether NO However, when NH2OH (1 mM) was the electron donor and PMS was the electron acceptor, NO was produced at a rate roughly equal to the rate observed when N02 was used as the electron acceptor, and N20 was emitted at a much higher rate in the presence of PMS than in the presence of N02 (Fig. 5) . Unfortunately, these results are equivocal since the product of NH2OH oxidation is N02 , which was available for reduction to NO and N20.
Although nitrification inhibitors such as N-serve and allylthiourea have been used in agriculture and are often used in field studies, the effectiveness of these compounds has been questioned (10) . The intent of the experiments described below was to test the effectiveness of these inhibitors on production of NO and N20 from N02-by N. europaea under reduced oxygen conditions. In the presence of the nitrification inhibitors N-serve (10 ,ug ml-' in 0.095% ethanol), allylthiourea (100 ,uM), and phenylacetylene (5 ,ug ml-' in 0.095% ethanol), production of NO (Fig. 6 ) was inhibited, and there was no net increase in N02 (data not shown) in cultures of N. europaea exponentially growing in medium containing 0.5 mM N02 under a headspace containing 1 kPa of 02. Small amounts of N20, which may have been produced abiotically, were emitted in the presence of these inhibitors (Fig. 6) .
In order to compare the capabilities of heterotrophic and autotrophic nitrifiers to produce N trace gases, the heterotrophic nitrifierA. faecalis was exposed to many of the same . Elapsed Time (hours) FIG. 4 . Anaerobic production of NO and N20 by N. europaea in the presence of the artificial electron donor TMHQ and the natural electron donor hydroxylamine. In both cases the electron acceptor was nitrite. Exponentially growing cells were filtered, washed, and diluted 10-fold with growth medium containing N02-(1 mM) and either TMHQ (1 mM) or NH20H (1 mM). The flasks were degassed and kept in a Coy anaerobic chamber for the duration of the experiment. Control flasks contained no cells. Symbols: 0, TMHQ plus NO2; *, NH20H plus NO2; A, TMHQ plus N02 control;
A, NH20H plus N02-control. variables described above for N. europaea. When earlystationary-phase A. faecalis cells were filtered, washed, resuspended in fresh medium containing citrate (4 mM) as a carbon source and NH4' as the sole nitrogen source, and shaken at 150 rpm, the NH4' was oxidized to NO, N20, and N02- (Fig. 7) . As the cells entered the stationary phase (data not shown), both NO2-and NO were consumed, whereas N20 continued to be produced at a linear rate (Fig.  7) . The ratio of amount of NO produced to amount of N20 produced during the linear phase of growth was 0.14 (standard deviation, 0.04). This contrasts with observations made during autotrophic nitrification, where the ratio of amount of NO produced to amount of N20 produced was usually greater than 1 N02-(0.5 mM) but lacking NH4+ Under these conditions no NO or N20 was emitted (data not shown).
When an exponentially growing A. faecalis culture was continuously sparged with various mixtures of air and N2, the optimum P02 for production of both NO and N20 ranged from 2 to 4 kPa (Fig. 8) . Over the range Of P02 values studied (1 to 15 kPa), the ratio of amount of NO produced to amount of N20 produced varied from 0.17 to 1.1, although we expected that this ratio would increase if we used higher flow rates for the sparging gas (31) .
Under anaerobic conditions A. faecalis produced N20 by denitrification of N02 (Fig. 9) but not by denitrification of N03 (data not shown). During denitrification N20 was both produced and consumed. Dead cells did not consume NO2-, nor did they produce any N20. On the other hand, NO production was as high in the dead-cell control as it was in the experimental culture in the presence of 1 mM NO2-, suggesting that anaerobic production of NO resulted from chemodenitrification; however, the experimental culture consumed NO, whereas the dead-cell control did not (Fig.   9 ). During heterotrophic nitrification by A. faecalis, N-serve (10 ,ug ml-' in 0.095% ethanol), allylthiourea (100 ,uM), and phenylacetylene (5 ,ug ml-' in 0.095% ethanol) had no effect on NO production or growth (as measured by optical density at 660 nm). However, N20 production appeared to be inhibited, especially by N-serve and phenylacetylene; N20 production was at least partially inhibited by allylthiourea (Fig. 10) . N-serve and ethanol alone prevented accumulation of nitrite; however, nitrite production was only partially inhibited in the presence of phenylacetylene and allylthiourea (data not shown).
A summary and comparison of the results of the experiments described above (Table 1) showed that in cultures of N. europaea continuously sparged with 5 kPa of 02 and in cultures of A. faecalis continuously sparged at a P02 of 1.6 kPa, net levels of production of NO, normalized to cell number, were approximately equal; however, net emission of N20 by the heterotrophic nitrifier was approximately 10- nitrifier. It could not be determined from these experiments whether the differences in net emissions were due to variations in the production rates or the consumption rates for these gases. P02 in Sparging Gas (kPa) FIG. 8. Production of NO and N20 by A. faecalis as a function of the P02 of the sparging gas. An early-stationary-phase culture was filtered, washed, and diluted 300-fold with medium containing citrate (4 mM) and NH4' (5 mM from seasonally dry forest to rain forest, yet it has been difficult to identify the critical environmental parameters which regulate fluxes of NO and N20 over broad ranges of conditions (6, 9) . Firestone and Davidson (7) have proposed a hole-in-the-pipe model suggesting that NO and N20 fluxes are controlled at three levels; level one determines the relative rates of nitrification and denitrification, level two determines the relative proportions of NO and N20 emitted from soils during either nitrification or denitrification, and level three determines the diffusion of these gases from the site of production to the atmosphere. The availability of 02 to microorganisms is likely to be the critical parameter (15) In our study, production of NO by unsparged cultures of A. faecalis under anaerobic conditions resulted from the abiotic process of chemodenitrification, although the rates of production were very low compared with the rates observed under aerobic conditions. On the other hand, NO produced under aerobic conditions appeared to be of biological origin.
We based this conclusion on the fact that whereas levels of nitrite accumulation in the presence of inhibitors varied greatly, ranging from 3.2 ,uM with N-serve to 8.6 ,M with ethanol to 29 ,M with phenylacetylene in ethanol to 32 ,uM with allylthiourea to 99 ,uM in the absence of inhibitors, the levels of NO production were similar in all of the flasks. This conclusion needs further testing.
The responses of N. europaea and A. faecalis to nitrification inhibitors were quite different. In general, N. europaea was far more sensitive than A. faecalis was. The results of experiments in which nitrification inhibitors were used to identify the process responsible for emission of NO or N20 must therefore be interpreted with caution. More work must be done to identify inhibitors which distinguish autotrophic nitrification from heterotrophic nitrification.
In those ecosystems in which fluxes of nitrogen trace gases have been measured, there have been only rare attempts to identify the microbial process responsible for the fluxes. In most cases, it is assumed that autotrophic nitrifiers or heterotrophic denitrifiers are responsible for production of NO or N20. In forest ecosystems it has been suggested that heterotrophic nitrifiers, primarily fungi, might be responsible for much of the ammonium oxidized. Bacterial heterotrophic nitrifiers have generally been ignored, yet they are very common in most terrestrial and aquatic ecosystems. Results of Papen et al. (19) suggest that much of the NO and N20 emitted from forest ecosystems in Germany may be products of heterotrophic nitrification. The results of our comparison of NO and N20 emissions by autotrophic and heterotrophic nitrifiers described above support the hypothesis that heterotrophic nitrification may be as important a source or more important a source of NO or N20 in the atmosphere as autotrophic nitrification, at least in some ecosystems. Our ability to develop accurate assessments of total biogenic emissions will depend on our improved understanding of the processes involved.
